Edible insects have been advocated as a means to combat food insecurity, which is prevalent in West Africa. In this study we look at the contribution of the shea caterpillar Cirina butyrospermi, colloquially known as 'chitoumou', to the food security of smallholder households in rural southwestern Burkina Faso. We used a mixed methods approach to understand the relationship between caterpillar collection, consumption, and sale by smallholder households, and their seasonal food security status. We found that caterpillars are an important source of food and income for households, significantly increasing the household consumption of animal protein and, with shea nuts, representing the main income source for the majority of women. We also found that food security is higher during caterpillar season, and that household-level food security during this season can be predicted by the amount of caterpillars collected, consumed and sold. However, this relationship holds only during the caterpillar season, suggesting that the positive impact of caterpillars on food security is temporally limited. We conclude that the shea caterpillar is an example of an edible insect that is crucial for seasonal food security in a widespread agricultural system.
Introduction
Food insecurity disproportionately affects those who produce the majority of the world's food: over half of all food calories are produced by rural smallholder farmers, who live in the Global South (Samberg et al. 2016) and are disproportionately likely to be food-insecure (Sibhatu and Qaim 2017) . The reasons behind this are complex. At the FAO World Food Summit in 1996, food security was defined as a situation in which 'all people, at all times, have physical and economic access to sufficient, safe, and nutritious food to meet their dietary needs and food preferences for an active and healthy life'. Several definitions since have also focused on the importance of access, particularly in the context of unpredictable and fluctuating world markets (Porter et al. 2014) .
Given the importance of financial markets, perhaps it is no wonder that it is the producers themselves who suffer disproportionately from food insecurity. However, the relationship between economic growth and increased food security is complex and variable, and may depend on the nature of government policies concerning food and development (Timmer Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12571-019-00994-z) contains supplementary material, which is available to authorized users. 2005 ). The FAO advocates that economic growth can only promote food security in the context of sustainable livelihood opportunities that are inclusive of the rural poor and augment both income and food production (FAO 2015) . Dietary quality is also a key element of food security, although consensus about what constitutes a nutritionally adequate diet fluctuates (Semba 2016) . The emphasis is not on food insecurity being due to a lack of food per se, although this is the case for approximately 821 million people (WHO 2018) . More prevalent today is 'hidden hunger', which affects over 2 billion people globally and refers not to caloric deficiency but to a lack of adequate micronutrients (IFP 2014) .
Strategies to tackle food insecurity among rural smallholders have included those that are 'food-based', such as supplementation (Burchi et al. 2011) , as well as those that focus on improving livelihoods (Garibaldi et al. 2017 ). Yet ultimately, food insecurity cannot be reduced to either component part. Food sovereignty (Weiler et al. 2014) , education (Kaiser et al. 2015) and empowerment of women and minority groups (Conceição et al. 2016 ) also play key roles in improving food security. Thus, food security has multiple dimensions that include the social, the cultural and the political.
Edible insects have been highlighted as a means of combating these different aspects of food insecurity: many insects are high in protein and micronutrients, are often collected by women and minority groups, and can improve the livelihoods of rural smallholders able to harvest them (Van Huis et al. 2013) . Many edible insects are harvested from wild land, but others are found within agricultural systems and can be a valuable source of both nutrition and income for farmers (Payne and Van Itterbeeck 2017) . Previous studies have shown that insects make a significant contribution to food security (Manditsera et al. 2019; Baiyegunhi et al. 2016 ), but many unanswered questions remain about whether this is due to their contribution to income or to household meals, and also how much this benefit extends beyond the time when insects are seasonally available.
In West Africa, food insecurity is a significant problem. An estimated 56.1 millon people are undernourished and 38% of children are wasted or stunted (WHO 2018) . There is some evidence to suggest that this may be due to increasing yield deficits due to climatic change, which have been cited as one cause for increased southward migration to escape desertified, unproductive soils (WHO 2018; Ritzema et al. 2017 ). Regardless of the driving forces behind such movement, in many regions population density is increasing as a result, and this rise in population pressure is contributing to environmental degradation (Douxchamps et al. 2016) .
Insects are enjoyed as food in many parts of West Africa, where important species include locusts, palm weevil larvae and caterpillars (Anankware et al. 2016; Anvo et al. 2016; Agbidye et al. 2009; Banjo et al. 2006; Tchibozo et al. 2005) . Edible caterpillars play an important role in food security throughout Africa as a food that is harvested from forest, savannah and other uncultivated land (Yen 2015; Malaisse et al. 2017) . However, in the shea belta cultivated region, spanning 21 countries from Uganda and Sudan in the east to Guinea in the west and dominated by the shea tree Vitellaria paradoxa (Naughton et al. 2015 )the shea caterpillar (Cirina butyrospermi) is collected in agricultural fields and is a significant part of the wider agricultural system. The caterpillar is colloquially known as 'chitoumou'. This is pronounced 'ʃi-tumu': 'ʃi' means 'shea', and 'tumu' means 'caterpillar'; this nomenclature is used by multiple ethnic groups including persons of all ethnicities who participated in the current study. It feeds exclusively on the leaves of the shea tree and when in season, is ubiquitous at rural and urban markets and trading posts. Prior research has shown that shea caterpillars are high in protein, fat and minerals (Anvo et al. 2016) , and that diets containing shea caterpillars are higher in protein and zinc, two essential nutrients for combatting nutritional deficiencies in this region (Cox et al. 2018 ). Attempts to rear shea caterpillars in enclosed systems has thus far succeeded in breaking their 9-month diapause, but methods for commercial-scale rearing have not yet been developed (Bama et al. 2018; Rémy et al. 2017) . Attempts to include caterpillars in fishmeal using proportions of up to 50% have also been successful, although they are not currently used as commercial feed (Anvo et al. 2017) .
The aim of this study is to understand the role of the shea caterpillar in relation to food security in the shea belt region of West Africa. We ask how caterpillars compare to other sources of nutrition and income in rural southwestern Burkina Faso, and we investigate the nutritional and financial contribution of caterpillars to households that collect them. We use household interview data to ask whether the seasonal abundance of caterpillars has a measurable impact on food security among rural populations in this region, and look at the extent and nature of this impact on households that collect caterpillars. Finally, we consider whether ethnicity, location and household wealth predict the quantities of caterpillars consumed and sold.
Materials and methods

Sampling strategy and study design
We collected data on a random stratified sample of 25 households (stratified by household size) out of 50 in the Soumosso-Koba-Larama area of southwestern Burkina Faso (Fig. 1 ) which cultivated >1 ha of land and collected caterpillars. That is, we used a list of 50 households collected using snowball sampling on our pilot field trip, stratified this list by household sizethe number of individuals living in a householdand used a random number generator to select a subsample of N = 25 within each strata. In this region, land is owned by the chief; residents ask the chief for land that they can then cultivate as they see fit. Shea trees are ubiquitous across cropland and are also very common in forests and fallow areas. Shea fruits and nuts are harvested by the person who manages the land, and are not a communal resource. During our pilot study and during 15 months of fieldwork we did not come across nor hear of a single household that does not have at least one member who collects caterpillars, and we only knew of one household that did not cultivate any land: therefore we believe that the demographic of our sample is as representative of this region as was feasible in the bounds of the current study.
The sample of N = 25 households in Soumosso represents households whose male head of household is one of three ethnicities (N = 11 Diioula, N = 11 Mossi, N = 3 Bobo). The median asset base was 3,000,000CFA (range = 1,460,000CFA to 10,200,000CFA).
We identified, by snowball sampling, 20 households in the Sitiena area (95 km southwest) that met the same criteria, but we were not able to take a stratified sample due to time constraints. This sample represents Karaboro-(N = 15) and Gbin-headed (N = 5) households. The female head of household (first wife of the male head of household) in each of the resulting 45 households formed the core sample of women for all structured interviews and Household Food Insecurity Access Score (HFIAS) surveys (Coates et al. 2007 ). Men, women and children all collect caterpillars, and the prevalent method of collection is to harvest them from the ground before sunrise, as described in Cox et al. (2018) . We chose to interview only women because we had found from pilot surveys that they hold the primary responsibility for preparing meals for the household, and for collecting wild foods. We also found that women are responsible for purchasing food for the household, and that they keep the money from the caterpillars that they collect. Looking at the financial benefits of caterpillars to the men and children in households in this region is beyond the scope of this study.
We used a mixed methods approach to give greater voice and agency to research participants, and to recognise the importance of multiple perspectives (Green and Thorogood 2014) . We use qualitative data to complement, triangulate and challenge the results generated by quantitative methods (Creswell and Clark 2007) . Our quantitative methods of data collection are structured interviews, 24 h recall surveys, nutritional analyses and HFIAS surveys; our qualitative methods are group interviews and participant observation.
Structured interviews
We conducted structured interviews with women from our core sample during July-September 2016 and 2017, up to two months after each year's caterpillar season. Questions covered the quantity of caterpillars and shea collected, eaten, sold and given away by the household, the time spent and money gained for each harvest, the money gained from the harvest and sale of shea nuts, and the assets of the household.
To estimate household wealth, we summed the market values of all assets (livestock, forms of transport, and land) for each household. Market values were as follows: cow 175000CFA, sheep 27500CFA, goat 25000CFA, chicken 2000CFA, guinea fowl 3000CFA, donkey 80000CFA, bike 20000CFA, motorbike 800,000, land per ha 350000CFA. These values were ascertained from three key informants on separate occasions and we took a mean value in the case of discrepancies.
The caterpillar season
The 'caterpillar season', as used in this study, is a literal translation of the term used locally, chitoumou wakati, in Dioula (chitoumou = shea caterpillar; wakati = time period). is used to refer to the time of year when people are collecting, eating and selling fresh caterpillars. We asked respondents to estimate the number of days that they had collected caterpillars during the past season. Even within the same village, areas differ as to the exact timing of the caterpillar season. The timing also varies by year. All data on the collection and sale of fresh caterpillars were obtained in July and August 2016 and 2017. Fresh caterpillars, which weigh a few grams and are pictured with a child's hand for scale in Fig. 2 , are usually boiled with salt and potash, then friend or boiled further with seasonings. Caterpillars may be sun-dried and conserved for sale or consumption at a later date. Duration of safe conservation seems to differ according to the circumstances in which they are kept; they can reportedly last 3-6 months when dried. They are then reconstituted using boiling water before cooking. We record this as 'consumed dry'.
24 h recall surveys
We conducted dietary interviews following the 24 h recall method (Biro et al. 2002) with 16 respondents, who represented a stratified subsample of those women interviewed for the HFIAS surveys (with four respondents from each HFIAS category). We asked respondents to recall all foods and drinks that they (individually) had consumed during the previous 24 h, and to estimate portion sizes. Average interview length was 25 min, and we conducted all interviews in the morning to aid recall (Huybregts et al. 2009 ). To maximise accuracy of recall we used the multiple pass method (Wrieden et al. 2003) : for the first pass respondents recalled all foods and beverages consumed during the previous twenty-four hours; for the second pass respondents identified when and where foods were consumed; for the third pass we recalled the report to the respondent to prompt for any forgotten items. Finally we reviewed, and confirmed with the respondent, all items recorded. Interview questions were conducted in the respondent's first language, with the assistance of trained field assistants. We used household measures to aid estimates of portion size, and retrospectively converted these to grams using ' FAO/INFOODS Density Database Version 2.0' (Charrondiere et al. 2012a ). We matched food items with energy and nutritional compositional values from the West African Food Composition Table (Charrondiere et al. 2012b) . When an exact match was not possible, food items were matched with values available from other published sources available (Anvo et al. 2016; Greffeuille et al. 2010; Nordeide et al. 1996) ; if these were unavailable we used the mean of the values for several similar items (in accordance with the 'INFOODS Guidelines for Food Matching' - Stadlmayr et al. 2011) . When analysing the data, we found that for N = 3 reported dishes the portion reported exceeded 200% of a person's daily Kcal intake; we excluded these dishes from our final analysis.
Nutritional analysis
Wild insects vary widely in their micronutrient composition, depending on the species and their life stage, and also on the habitat and soil composition at their geographical origin (Payne et al. 2015) . To determine the average micronutrient content of the caterpillars in this region we collected samples of 3 final-instar individuals from each of 9 fields stratified by distance from the road to ensure that soil type represented the range of soil types from which caterpillars are collected in the study area. We chose to use final-instar caterpillars because this is the life stage at which they are traditionally collected. After weighing the caterpillars we prepared them as they are usually prepared for sale: we boiled them with potassium and dried them in the sun.
Micronutrient analyses were carried out at Rothamsted Research, UK. We placed 500 mg of each caterpillar sample in 25 ml graduated digestion test tubes, with one sample out of every three repeated to check analysis accuracy. Two wheat flour samples were included as a certified standard and two blank control tubes to establish any potential contamination in the solvents. Samples were pre-digested in 5 ml of 15:85 nitric:perchloric acid (HNO3:HClO4) for 5 h then heated overnight to 175°C to evaporate the acid. 5 ml of 25% HNO3 was added and the tubes heated to 80°C for 60 min. Samples were made up to a final volume of 25 ml with ultrapure water, decanted and analysed using an Optima Inductively Coupled Plasma -Optical Emission Spectrometer (ICP-OES) (Zhao, McGrath, & Crosland, 1994) . All Nitric acid was Aristar grade.
HFIAS surveys
To measure perceptions of household food security during and outside of caterpillar season, we chose the HFIAS due to its sensitivity to food access, quantity and reported anxiety, its applicability to measuring food security at household level (Jones et al. 2013) , and its use in similar settings (Baiyegunhi et al. 2016) . We refined the questions for use in the Soumosso-Koba-Larama area with five local bilingual key informants to ensure that translated questions were accurate and contextually appropriate (following Coates et al. 2007 ). Three of these key informants acted as translators to assist with data collection, with at least one present at every HFIAS interview. We first selected survey respondents from our core sample, and then sought further respondents via snowball sampling (Heckathorn 2011) to expand our sample size. We conducted 59 HFIAS interviews with women outside of caterpillar season (during the dry season, in March 2017), and repeated 57 of these during caterpillar season (July 2017). In seven of our 59 cases, it was not possible to repeat the interview with the same woman, due to death (N = 2), ill health (N = 1) or absence from the village (N = 4) but in five of these instances we interviewed another woman in the same household in her place; in the two remaining instances we were not able to identify a meaningful replacement. We calculated all HFIAS metrics reported here from these repeat caterpillar-and dry-season interviews (N = 57), following Jones et al. (2013) . We calculated the HFIAS score (from 1 to 27) and HFIAS category (from 1 to 4).
Post-HFIAS surveys
We also asked HFIAS survey respondents about protein consumption in the past month to further understand the nutritional role of shea caterpillars in relation to other protein sources. Specifically, we asked respondents to estimate the number of times in the past month that they had consumed meat ('sogo', which includes poultry, ruminants and wild game), fish ('jige') and shea caterpillars ('chitoumou'). All results reported here reflect the responses of the N = 57 women who participated in HFIAS surveys in both seasons.
Group interviews
In order to validate and expand on quantitative data gathered via structured interview and participant observation, we followed a triangulation approach to mixed methods (Creswell and Clark 2007) and conducted 9 group interviews in January 2018, during the dry season (which is approximately January-April each year). We held group interviews in the Koba (N = 6) and Larama (N = 9) localities ( Fig. 1) . Following previous experience conducting group interviews here we limited our group interviews to include 2-3 women in each. The first participant for each was selected at random; others were selected according to ethnicity/language (matching the ethnicity/language of the first participant) and/or geographic proximity and availability. In total, 20 women, ranging in age from 18 to 60 yrs. (mean age 38.4 yrs) and representing three ethnicities (Dioula = 8, Mossi = 6, Bobo = 6), participated in group interviews, which were conducted outside in the village at places chosen by participants, usually next to a homestead.
We recorded all focus group discussions (totalling 217 mins) using detailed notes and a voice recorder for verification. We assigned initial codes to transcripts, used memos to review these codes (following Birks et al. 2008) and developed a final set of codes based on emergent themes (Stewart and Shamdasani 2014).
Participant observation
CP (first author) spent 13 months living in the Soumosso-Koba-Larama area, and accompanied local women collecting and preparing caterpillars during two caterpillar seasons, in 2016 and 2017. Knowledge and experience gained during this time informed the structure of the study as a whole, and the design and analysis of the group interviews, particularly when writing questions and coding responses.
Ethics
All interview, survey and focus group protocols were developed in accordance with the Research Ethics Review Group, Department of Geography, University of Cambridge, which follows the Policy on the Ethics of Research developed by the University Ethics Committee (University Research Ethics Committee 2016).
Statistical analyses
All statistical analyses were performed in R. Non-normally distributed data (quantity of caterpillars collected, consumed and sold) were log 10 -transformed before analyses; consumption of dried caterpillars could not be log-transformed because of zero values so was instead analysed as a binary variable (consumed/not consumed). Where means and SDs are reported, these have been back-transformed.
Results
Caterpillars are collected in large quantities (median = 4.26 kg per person per season, range = 0-39 kg, further details given in S1). Per season, women estimated that they had spent a mean of 15 days (range = 5-30, N = 44) and a median of 30 h (IQR = 35) collecting caterpillars. The estimated season in Sitiena (mean = 12 days, N = 19) was significantly longer than in the Soumosso-Koba-Larama area (mean = 18 days, N = 25; Kruskal-Wallis rank sum test, χ 2 = 10, p < 0.005, df = 1).
Nutritional contribution of caterpillars
Prior to cooking, caterpillars are high in key nutrients: 100 g of fresh shea caterpillars: is 150%, 63.7% and 173% respectively of the recommended daily intake of protein, iron and zinc, respectively, for a woman of reproductive age (Table S1) .
When cooked, the reported portion of a caterpillar dish contains a median of 395% (IQR = 145), 232% (IQR = 42.8) and 456% (IQR = 165) of the recommended daily intake for Protein, Iron and Zinc (Fig. S1 ). Portions also contain high amounts of fat (median = 209% of recommended daily intake, IQR = 102), due to the oil used during the cooking process.
During caterpillar season -that is, the time period during which caterpillars can be collected in the area -respondents to HFIAS surveys (N = 57) reported eating caterpillars a median of 3 (range = 0-14) times a week, but this fell to a median of 0 (range = 0-2) times a week in the dry season when only dried caterpillars are available. Animal protein consumption differed significantly by protein type and by season (repeatedmeasures two-way ANOVA adjusted for between-subject random error, protein: F (2,280) = 9.23,p = 0.001; season: F (1,280) = 41.31,p < 0.001; Fig. 3) . A post-hoc Tukey test showed that while there was no difference in the frequency of fish (p = 1) or meat (p = 1) consumption between seasons, there was a significant difference in caterpillar consumption (p < 0.001) (Table S1 ). Therefore total animal protein consumption was higher in caterpillar season, due to the consumption of caterpillars ( Fig. 3 ).
Financial contribution of caterpillars
Caterpillars are a major source of income: more caterpillars are sold per person per year (median = 3.33 kg, IQR = 4.41 kg) than consumed fresh (median = 0.263 kg, IQR = 0.425 kg) or dried (median = 0 kg, IQR = 2.1 kg) ( Fig. S2) .
Reported household and per person income from caterpillars is equivalent to income from shea nuts; the same is true when this is adjusted to represent a proportion of overall household wealth (Fig. 4) . Discussions in group interviews confirmed that women consider caterpillars and shea nuts to be their primary income sources (Fig. S3 ).
Caterpillars and food security
The majority of households experience some degree of food insecurity during both seasons, but food insecurity is significantly lower during caterpillar season. During the dry season, 28% of households in the caterpillar season and 52.6% of households are severely food insecure (HFIAS category = 4); HFIAS scores are significantly lower during caterpillar season (paired Wilcoxon signed-rank test, V = 384, N = 57, p < 0.05, Fig. 5 ).
Higher food security during the caterpillar season is predicted by the amount of caterpillars sold and consumed. There is no collinearity between the sale and consumption of caterpillars (Kendall's tau = 0.33, z = 3.13, following the 0.7 cutoff for collinearity advocated by Dormann et al. 2013) , and both predict food security during the caterpillar season (Multiple linear regression, F 2,17 = 13.21, p < 0.001, Fig. 6 ): the more caterpillars consumed and sold, the higher the household's food security. Participants in group interviews all agreed that food security varies seasonally, and that without caterpillars they would be less food-secure overall. There was not a single focus group in which respondents did not discuss poverty and food scarcity, despite a lack of explicit prompting (Table 1) .
However, this relationship did not hold when this season's caterpillar sale and consumption were compared with food security during the following dry season (Multiple linear regression, F 2,36 = 0.47, p = NS). This suggests that greater caterpillar use in one season does not have effects on food security which carry over into the next year. It also suggests that the relationship shown in Fig. 6 is not due to more food secure households having more time or ability to collect caterpillars, but instead that caterpillar consumption and sale directly increase short-term food security for households.
Predictors of variation in caterpillar collection, consumption and sale
During group interviews many respondents expressed a belief that some households, and people within households, collect more caterpillars than others, but reasons for this were diverse (Table 1) . Youth and associated attributes such as strength and speed were common explanations for why some people , as a percentage of household wealth estimate. Plots show median and interquartile range; error bars show the largest and smallest values within 1.5 times the interquartile range above and below the 25th and 75th percentiles respectively. We present all four graphs to show that no matter what measure is used, the evidence suggests that caterpillars represent an important contribution to income in this region collected more caterpillars. Ethnicity and gender were also cited as factors by a minority of respondents: they reported that individuals of Mossi ethnicity are early risers who collect many caterpillars to sell but do not eat them, and that men are faster collectors. Money from selling caterpillars is primarily used for food, but also to purchase items such as clothes, shoes, seeds and crockery.
Our analyses supported some of these observations (S4): Consumption of caterpillars was significantly associated with ethnicity and location (multiple linear regression, R 2 = 0.6, F 11,31 = 6.82, p < 0.001). Mossi, Dioula and Dafi-headed households consumed more caterpillars. The ethnicity of the first wife of the male head of household was also a predictor of caterpillar consumption: households headed by women of Peul or Bwoba ethnicity consumed more caterpillars. Households located in Soumosso consumed fewer caterpillars than those located in Sitiena. There was no significant relationship between estimated household wealth and caterpillar consumption. These associations did not hold for the sale of caterpillars: the amount of caterpillars sold was not significantly associated with ethnicity, location or household wealth (multiple linear regression, R 2 = -0.097, F 11,31 = 0.66, p = NS).
Caterpillars consumed
Caterpillars sold Younger (N = 1), faster (N = 2), stronger (N = 1) individuals, & those who have a preference (N = 1), eat more.
Some households eat more caterpillars than others 5 (Some) Mossi don't eat caterpillars at all (N = 3); households with many older individuals eat fewer (N = 1); those who have a preference eat more (N = 2).
Financial value
Some in household collect more caterpillars than others 9 Men (N = 4) and children/younger people (N = 6) collect more. Reasons for collecting more include: speed (N = 1), early rising (N = 1), and having a 'sense'
(N = 1). Collecting a lot of caterpillars is random (N = 2) and difficult (N = 1). Some households sell more caterpillars than others N = 6
Households with more people (N = 3), more men (N = 1) and more younger people/children (N = 2) sell more caterpillars. Also, Mossi people (N = 1), early risers (N = 3), faster collectors (N = 3), sell more.
Money from caterpillars is used for: 
Ethnicity and caterpillar collection
Interview data shows that households in which the male head of household was of Dioula ethnicity consumed more fresh caterpillars than people of Mossi ethnicity, but the same was not true for female heads of household. Dioula people have a long tradition of eating caterpillars, while the Mossi population in the area are largely migrants from areas without caterpillars. In group interviews, some respondents raised concerns about how Mossi collecting practices (collecting very early in the morning and selling rather than eating the caterpillars) might negatively influence both the sustainability of the caterpillar population and the benefits the non-Mossi people are able to accrue from the caterpillars.
Discussion
Edible insects are receiving increasing attention for their posited role in current and future food security (Van Huis et al. 2013; Van Huis 2015) , but data on the present contribution of edible insects to household level food security in food-insecure regions are sparse (Kelemu et al. 2015 , but see Baiyegunhi et al. 2016) . We therefore used a mixed methods approach to assess who currently benefits from the harvest of shea caterpillars in southwestern Burkina Faso, what those benefits constitute, and how this impacts the overall food security status of households at risk. We found that food security is significantly higher during the caterpillar season. Households that collected, consumed and sold more caterpillars were those that were more food-secure, suggesting that the association between caterpillars and higher food security may be a causal relationship. We found that the relationship did not persist out of caterpillar season, suggesting that caterpillar collection directly enhances immediate food security. This contribution to food security appears to be driven by two key elements, both recognised as important in conferring food security. The first of these is the provision of a higher quality diet: caterpillars are a nutrient-rich source of animal protein, and their seasonal consumption increases overall levels of animal protein in diets of smallholders in this region. The second is through the provision of income: women reported a high income contribution from caterpillars, and emphasised the financial benefits of caterpillar season. Thus, the caterpillars improve food security in a way that is both directly 'food-based' (Burchi et al. 2011 ) yet also improves livelihoods (Garibaldi et al. 2017) . Further research may consider whether or not the collection, consumption and sale of caterpillars also improves self-perceptions of food sovereignty (Weiler et al. 2014 ) and empowerment (Conceição et al. 2016) . Policymakers should consider how this can be leveraged to further improve food security, perhaps through the funding of cooperatives and developing processing methods that add value, strategies that have been used in the region to improve food security using shea (Sidibé et al. 2014 ).
The link between edible insects and food security has been discussed widely. In areas where people have market access, edible insects contribute to food security via both nutrition and income (Van Huis et al. 2013; Kelemu et al. 2015) . This has been shown to be the case in South Africa, where Baiyegunhi et al. (2016) found that income from, and consumption of, the mopane caterpillar Gonimbrasia belina was positively associated with food security. However, this is the first study to our knowledge that has investigated the seasonality of insects' contribution to food security. We found that the collection and consumption of a seasonal edible insect does not confer greater food security on families throughout the year; policymakers should take this into account when developing strategies to combat food insecurity using edible insects.
We found that shea caterpillars were an important source of nutrition for many households. During caterpillar season, caterpillars were consumed more frequently than other sources of animal protein and the total frequency of animal protein consumption rose significantly as a result. Reported serving sizes suggest that caterpillars are eaten in large quantities, in dishes high in protein, fat, iron and zinc. This is particularly important given that protein malnutrition and anaemia are known to be common in rural West Africa (Schulte-Herbrüggen et al. 2017; Petry et al. 2016) .
Caterpillars also provide a significant source of income for people in this region; most women reported that caterpillars or the combination of caterpillars and shea nuts were their most significant income source on an annual basis. In absolute terms and when proportional to household income, annual income from caterpillars was similar to that from shea nuts. When expressed as a proportion of overall household wealth the contribution of both caterpillars and shea is low; this may be because most wealth is held in assets rather than earned on an annual basis. Income from caterpillars is primarily spent on food, but also on other personal and household essentials.
Therefore, shea caterpillars may offer temporary alleviation of both malnutrition and poverty, both of which are prevalent in this region (Akombi et al. 2017 ). However, this study does not measure the bioavailability of nutrients for people consuming caterpillars, nor the immediate health implications of caterpillar consumption. Populations in this area would benefit greatly from research into confounding factors that may limit the nutritional potential of the caterpillars, such as different methods of preparation.
Previous research has highlighted the importance of shea nuts for women's livelihoods (Poole et al. 2016; Audia et al. 2015; Beczner et al. 2017) ; it is notable that in this area caterpillars are on a par with shea nuts in terms of income generation. This may mean that regions with caterpillars suffer less from poverty than those without caterpillars. However, caterpillar collection is tiring and time consuming, so there may also be trade-offs in the amount of energy used to collect caterpillars and energy needed to collect and process shea and other food crops. Furthermore, variation in climate and market price is known to impact household income and food security in this region (Wossen et al. 2017 ). This study took place over a short time period and does not take into account fluctuations in market prices of shea nuts or caterpillars, and how this may impact collection patterns and the relationship between caterpillars and food security; policymakers would benefit from future research that also looks at these external influences.
Finally, we found that consumption of caterpillars varies between households. The amount of caterpillars sold was not predicted by ethnicity, location, or household wealth (see S4), but the amount of caterpillars consumed varied by ethnicity and location. Importantly, the intersection between gender and ethnicity predicted caterpillar consumption to some extent. This data suggests that ethnic background influences caterpillar consumption but that women may be more likely to adapt their caterpillar consumption and preparation to their husband's tastes, rather than vice versa Concerns about Mossi households overharvesting were not common, but may be important: these results suggest that a minority of people experience underlying tensions based on ethnicity and migrant status. It is crucial that policymakers and future researchers working in this area take this into account.
Conclusion
In this study, we report evidence that the collection, consumption and sale of edible caterpillars make a significant positive contribution to household-level food security on a seasonal basis in rural southwestern Burkina Faso. Edible insects have been advocated as potentially important to global food security; this study both exposes their limitations in terms of seasonality and emphasises their dual importance as a source of both income and nutrition. In this study we do not investigate the health implications of insect consumption, nor do we compare communities that harvest insects with those that do not. The study took place over two years (and two caterpillar seasons), which is too short a time period to consider the likely impacts of temporal variation in climate and market price. We recommend that future research considers these longer-term variables, and looks more closely at the relationship between insect consumption and health outcomes. We conclude that shea caterpillars in southwestern Burkina Faso are an example of an edible insect that is an important part of a widespread agricultural system, and that without the presence of caterpillars seasonal malnutrition and poverty would likely intensify.
